sis through its effects on CtBP. Phosphorylation by
Interaction between HIPK2 and CtBP HIPK2 targets CtBP to a proteasomal degradation pathin Mammalian Cells way. The resultant decrease in CtBP levels, like the The portion of mouse HIPK2 isolated in the yeast three-HIPK2 activation of p53, sensitizes cells to apoptosis.
hybrid screen extended from residues 774-876, a region UV irradiation also appears to activate the CtBP degraoutside the kinase domain that is highly distinct among dation pathway, thereby potentially promoting apoptothe various HIPK family members. A GST-HIPK2 fusion sis in cells (including most tumor cells) that lack p53.
protein was expressed in bacteria, coupled to glutathione-agarose beads, and incubated with recombinant Results His-tagged CtBP. Bound CtBP was assayed by Western blotting using an antibody directed against the His-tag Identification of HIPK2 ( Figure 1B 
, 2002). repressor interactions should be eliminated. An addiThis led us to ask whether there is any connection betional advantage of the two-component bait is that it
tween UV irradiation, HIPK2, CtBP, and the apoptotic reshould present interaction surfaces that exist in native sponse. CtBP complexes. The PXDLS-containing portion of E1A was chosen because it represents one of the best-stud-
Regulation of CtBP Protein Level ied CtBP interaction domains. LexA-E1ACter and CtBP
by Overexpression of HIPK2 were expressed in the same plasmid (designated LexAInspection of the CtBP levels in Figure 1C showed a Cter-YeA-CtBP) to ensure an equivalent level of expresslight decrease one day after transfection with the wildsion of both components of the bait.
type kinase. Figure 2A shows the effects of the wildPreliminary experiments involving known E1A and type and KR mutant on CtBP levels after three days.
CtBP interactions were utilized to test this screening
The wild-type HIPK2 clearly decreased CtBP levels at procedure. All baits (listed in the left column of Figure this time, while the KR mutant had the opposite effect 1A) had low background activity, as shown by the ab-( Figure 2A ). Tubulin levels, assayed as a control, resence of growth when paired with a plasmid expressing mained constant. This suggests that HIPK2 activity af-VP16 alone. As expected, LexA-CtBP strongly interfects the cellular levels of CtBP. acted with VP16-E1A, consistent with our previous finding that this bait tends to identify primarily PXDLS-conRegulation of CtBP Levels by UV Exposure taining repressors. In contrast, the interaction between Previous studies showing that HIPK2 is activated by LexA-Cter-YeA-CtBP and VP16-E1A occurred signifi-UV irradiation utilized UV-C, which represents radiation cantly less frequently. This indicates that although interfrom 180-280 nm. Skin cancer, the most common human actions with PXDLS-containing proteins are not elimicancer associated with UV exposure, is caused primarily nated completely, their incidence is relatively low. CtBP by UV-A and UV-B, however. Therefore, we used UV-B is known to homodimerize through a region involving to examine the effects of UV irradiation on CtBP levels. were assayed by Western blotting using an antibody to 9.5 mouse cDNA fusion library were screened using CtBP. UV exposure greater than 500 J/m 2 dramatically the LexA-Cter-YeA-CtBP probe. One of the strongest decreased the CtBP protein level ( Figure 2B ). CtBP interactions from this screen involved the homeodomain mRNA levels were not affected, as assayed by RT-PCR interacting protein kinase 2 (HIPK2), a nuclear serine/ (data not shown), indicating that the effect occurred at threonine kinase originally characterized as a corepresthe translational or posttranslational level. As a control sor for the homeodomain transcription factor Nk-3.
for cell viability, extracts were assayed for tubulin and VP16-HIPK2 was subsequently found to interact with ERK; levels of these proteins did not change ( Figure 2B ). LexA-CtBP, but not LexA-Cter, indicating that the interWe next asked whether endogenous CtBP levels were action with LexA-Cter-YeA-CtBP occurred through the CtBP and not through the E1A component ( Figure 1A) . regulated in a similar manner. Saos2 and H1299 cells CtBP and control or specific HIPK2 siRNAs were treated be noted that the amount of transfected HIPK2 was with 500 J/m 2 UV-B. As shown in Figure 3D , both specific decreased and the duration of growth after transfection duplexes prevented the loss of FLAG-CtBP. These studwas shortened as compared to earlier experiments to ies suggest that HIPK2 is essential for the UV-mediated minimize the changes in CtBP levels (compare CtBP CtBP decrease. levels in lanes 1 and 7; even the reduced amount of wild-type HIPK2 was sufficient to decrease CtBP levels, however, as shown in lane 4). Taken together with the CtBP Is Destroyed by the Proteasome One explanation for the reduced CtBP levels is that the reported activation of HIPK2 by UV, these experiments suggested that HIPK2 might be responsible for the UVprotein is cleared by the proteasomal machinery. To test this hypothesis, we pretreated Cos 7 cells overnight with induced CtBP decrease.
To assess the involvement of HIPK2 in this process, 2.5 M MG-132, a specific proteasome inhibitor (Rock et al., 1994). This treatment prevented the decrease in we employed an siRNA approach. Because these experiments were to be performed in Cos 7 cells, we first FLAG-CtBP induced by UV-B ( Figure 4A) . Similarly, the clearance of endogenous CtBP was also prevented by established the sequence of African green monkey Figure 5A ). HIPK2 is a serine/threonine kinase that alanine in the context of the full-length protein ( Figure  5C ). Mutation of other serine residues within this domain had no effect (data not shown).
Mutation of Serine 422 Prevents HIPK2-and UV-Induced CtBP Clearance
CtBP is known to be a dimer or multimer. Consequently, it is likely that CtBP mutants introduced into cells will associate with the endogenous wild-type protein, precluding analysis of the mutant phenotype. To overcome this problem, we used MEF cells containing homozygous knockouts of the CtBP1 and 2 genes (designed MEF Ϫ/Ϫ ). In these cells, HIPK2 ( Figure 6A ) or UV ( Figure  6B ) had no effect on CtBP clearance if serine 422 was mutated. Interestingly, levels of the serine 422 mutants were consistently higher than those of wild-type CtBP. This suggests that CtBP might be phosphorylated to some degree by the basal activity of HIPK2 or by other kinases. 
CtBP Is Antiapoptotic

Grooteclaes et al. (2003) using other apoptotic stimuli.
Because of the possibility that the increase in susceptibility to apoptosis in the homozygous knockout cells usually prefers sites containing proline residues. Because human CtBP1 contains aspartate-proline secould be a secondary effect, we reduced CtBP levels acutely using siRNA. For these experiments, an siRNA quences at positions 204 and 366, we utilized formic acid cleavage to generate smaller fragments for analyduplex was utilized that targets both CtBP1 and 2. Despite the fact that the levels of CtBP in HeLa cells treated sis. CtBP phosphorylated in vitro by GST-HIPK2 was separated on SDS-PAGE, excised, and digested using with specific siRNA decreased by only about 50%, caspase-3 was activated even in the absence of UV treat-70% formic acid. The but can still undergo apoptosis. Our results suggest that CtBP depletion could contribute to apoptosis in this setting. mutant, which blocked the UV-directed CtBP clearance, and by studies using two specific HIPK2-directed The ability of HIPK2 to regulate CtBP levels was unexpected but is consistent with the finding that CtBP levels siRNAs. The clearance of CtBP induced by UV was blocked by proteasomal inhibitors. We hypothesize that this proare also reduced after UV exposure. Involvement of HIPK2 in the UV response was supported by studies cess depends upon HIPK2 phosphorylation of CtBP at serine 422. This residue is flanked by prolines, which is using the dominant-negative, kinase-inactive HIPK2 somewhat unusual. It remains to be determined whether be recognized by other kinases. In this case, CtBP could serine 422 can be phosphorylated by other kinases and, participate in an even wider-ranging pattern of signaling if so, whether they also mediate CtBP clearance. pathways than is currently imagined. Conceivably, actiWhether phosphorylation at serine 422 directly affects vation of one of these signaling pathways could be utiother modifications of CtBP also remains unknown. lized therapeutically to downregulate CtBP and block Although HIPK2 has been proposed to have many the ability of factors such as Evi-1 to mediate cell transpotential targets, an association with CtBP has not preformation. Alternatively, because E-cadherin and other viously been identified. Presumably, this is because cell adhesion genes are upregulated by CtBP ablation, standard yeast two-hybrid assays tend to identify proit is possible that manipulation of CtBP levels could teins that interact with CtBP through their PXDLS motifs. be used to decrease the propensity of certain tumors By utilizing a three-hybrid approach, we could eliminate to metastasize. these interactions and focus our screen on binding events that depend upon other CtBP domains. The
Experimental Procedures
CtBP-HIPK2 interaction does appear to be direct, however, and does not depend upon the presence of E1A. scenario, the HIPK2 phosphorylation site on CtBP could
